Turions of Stratiotes aloides L. were grown at different ammonium levels under phosphorus deficient conditions in a staged gradient. After 13 weeks the plantlets appeared to be severely phosphorus deficient with the growth being seriously impaired. Nitrogen in the plants appeared to be predominantly present as soluble amino acids. This indicates that net protein synthesis was seriously disturbed. Asparagine was by far the dominant soluble amino acid in the plantlets. At the highest extemal ammonium levels, net growth was significantly retarded when compared with the other concentrations with free ammonium accumulating in the plants. Ammonium uptake under phosphorus deficient conditions strongly increases nutrient imbalances in the plants, and thus their vitality.
Introduction
In general, free ammonium can inhibit respiration and photo-phosphorylation (Vines and Wedding, 1960) and thus can become toxic when it accumulates in plant cells. To prevent ammonium toxicity, many (land) plants respond to a strongly increased availability of ammonium by the synthesis of specific amino acids and amines, particularly those with a high N:C ratio (Marschner, 1986) . Arginine (N:C ratio 0.66), for instance, is found to accumulate in different pine tree species (Van Dijk and Roelofs, 1988; N'~isholm and Ericsson, 1990; Ericsson et al., 1993; N~isholm et al., 1994) . Asparagine (N:C ratio 0.50) and glutamine (N:C ratio 0.40) are also well known to accumulate in many different species (such as tomato, apple, barley and pea) when exogenous ammonium levels are increased (Webster, 1959; Tromp and Ovaa, 1979; Magelhaes and Wilcox, 1984; Rotsnitschek-Schimmel, 1985) .
Increased synthesis of specific amino acids can also be caused by nutrient deficiencies (Lorentz, 1975; Magelhaes and Wilcox, 1984; Rabe and Lovatt, 1986; Rabe, 1990; Ericsson et al., 1993) , probably because nutrient deficiencies can lead to a relative surplus of nitrogen. Although the detoxification of ammonia costs energy and carbohydrates the accumulation of specific amino acids is rarely inhibited. This is probably due to the high toxicity of ammonium which results in plants avoiding its accumulation at any cost (Rabe and Lovatt, 1986; Rabe, 1990) .
There is not a great deal of information about the effects of elevated ammonium levels in the water layer on aquatic macrophytes. In this article we present the results of an experiment with young plants of Stratiotes aloides L. growing in a staged ammonium gradient under phosphorus deficient conditions. Stratiotes aloides is an aquatic macrophyte which mainly reproduces asexually by means of turions and tillers. The species is only found in slightly eutrophic waters and seldom in waters in which phosphate levels are lower than approximately 1 ixmol 1-1 (De Lyon and Roelofs, 1986) . Stratiotes is also not found in waters with raised ammonium levels (De Lyon and Roelofs, 1986;  A.J.P. Smolders, unpublished data, 1993) . In order to gain insight in the mechanism involved in the decline of young plantlets at relatively high ammonium levels under phosphate deficient conditions, phosphate in the nutrient solutions was maintained at low levels in the experiment. Young Stratiotes plants, not yet rooted, may be exposed to such conditions in the field.
Materials and methods

Plant material
Turions (fresh weight about 2 g) of S. aloides were collected in a stand in the neighbourhood of the village of Zegveld (The Netherlands) in April 1994. Nine of these turions were dried and analysed as described below. The remaining ones were used in the experiment.
Culture conditions
The turions were placed in glass containers (filled with nutrient solutions), which were then placed in a stainless steel water bath. The water bath was maintained at 18°C by means of a Neslab type coolflow 75 cooling/heating aggregate. The solutions were refreshed continuously (0.9 l h-i per aquarium) by means of multichannel peristaltic pumps. The composition of the solution was based upon the mean chemical composition of the waters in which S. aloides is encountered in the Netherlands (according to De Lyon and Roelofs, 1986 ): 1000 p, mol 1 -~ Ca 2+, 2500 ixmol 1 -l CI-, 2000 ixmol 1 -L Na ÷, 2000 ~mol 1-1 HCO~-, 300 ixmol 1-1 Mg2+, 100 trmol 1-l SO 2-, 110 izmol 1-L K ÷, 10 txmol 1-~ NO~-. Trace elements were added according to Roelofs (1991) . Ammonium was added in the form of ammonium chloride in concentrations of 0, 10, 25, 50, 100, 250 p~mol 1 -~. The pH of the medium was set at 6.8 by adding hydrochloric acid. Cyanoguanidine (0.5 ixmol l -L ) was added to prevent nitrification of ammonium. The experiment was carried out with nine replicates for each ammonium concentration. Irradiance was provided through a photoperiod of 16 h at 220 txE m -2 s-~.
The concentrations in the aquaria were checked regularly and were never found to deviate more than 10% from the values mentioned above.
Growth
Every week the biomass of the plantlets was weighed after removing, very carefully, the adhering water and loosely adhering dead leaf material. After 13 weeks the plantlets were harvested. Analysis was carried out as described below.
Nutrient and chlorophyll-a analysis
The chemical composition of the plants was determined after destruction with sulphuric acid and hydrogen peroxide as described by Van Dijk and Roelofs (1988) . The chlorophyli-a content was also determined according to Van Dijk and Roelofs (1988) . C and N analysis was carried out with the aid of a Carlo Erba CNS analyser. Destructions and CNS analysis were carried out on oven-dried green plant material (48 h at 70°C).
Free nitrogen containing compounds
Free nitrogen containing compounds (NCC) (mainly amino acids) were determined according to the method described by Van Dijk and Roelofs (1988) . Determinations were carried out on green, intermediately aged leaves which had been immediately frozen with liquid nitrogen and kept at -40°C until analysis.
To check the extraordinarily high amino acid contents obtained in this experiment, a control experiment was carried with only a few plants at external ammonium concentrations of 50, 100 and 250 ixmol 1-~. The results obtained revealed more or less the same concentrations of free amino acids as presented in Section 3.
Plant and water layer analysis in Stratiotes stands
During the summer of 1992 in 21 Stratiotes stands located in different parts of the Netherlands, young plantlets and water samples were collected. The nutrient levels in the plants were analysed as described by Van Dijk and Roelofs (1988) . The water samples were analysed as described by Roelofs (1991) .
Calculations
The amounts of nitrogen and carbon present in the different nitrogen or carbon containing fractions are calculated from the mean total N and mean total C concentra-tions detected with the CNS analyser and the mean concentrations of the different free nitrogen containing compounds (detected as described above). Table 1 shows the mean chemical composition of water samples and S. aloides plantlets collected in 1992 from 21 randomly selected stands. The results confirm that Stratiotes is confined to slightly eutrophic waters with a mean ammonium level of 7.8 pLmO1 1-1, a mean nitrate level of 6.8 p~mol 1-~ and a mean phosphate level of 1.8 i~mol 1-1. Furthermore, Table 1 shows the mean mineral content of young Stratiotes plants. These levels can be used as references for the values measured in the experiment. Fig. 1 shows the growth curves of the plantlets at the different external ammonium levels. After 8 weeks the net growth was impaired at all external ammonium concentrations. Differences between the individual plants were considerable and, therefore, the mean final fresh weights (week 13) of the plants grown at 0, 10, 25 and 50 ixmol 1-1 ammonium concentrations were not significantly different according to the t-test (Statistical Analysis Systems Institute Inc., 1985). The mean final fresh weights of plants grown at the 100 and 250 ixmol 1-1 ammonium concentrations, however, were significantly lower than at the other concentrations. Furthermore, large parts of the plants had become brownish in colour, particularly those grown at the higher external ammonium concentrations, indicating reduced vitality.
Results
Potassium, magnesium and sodium levels were much higher in the plants that had been grown in the medium which contained only nitrate in comparison with plants from media containing ammonium (Table 2 ). In their natural environment, S. aloides plants normally contain high levels of potassium. The plants collected in the field (Table 1) , for Table 2 Nutrient composition and chlorophyll-a levels of turions of Stratiotes aloides L. at the onset of the experiment and plantlets after 13 weeks at different external ammonium concentrations. All values are given in txmol g-DW except C (mmol g-t DW) and chlorophyll-a (~g g-t FW). The standard deviation is given in parentheses (N = 9). All analyses were carried out in destruates except nitrogen (CNS) and carbon which were detected with a CNS analyser Ammonium conc. in medium (ixmol 1-s ) Table 3 Amounts of free amino acids and some other free nitrogen containing compounds (NCC) in the shoots of young Stratiotes aloides plants grown in a staged ammonium gradient for 13 weeks. All values are given in v, mol g-t DW. Standard deviation is given in parentheses (N = 9). Numbers under the names of the NCC signify the N:C ratio of the compound NH] conc. in medium (v, mol 1-J) instance, had a mean potassium concentration of 1205 ~mol 1 -~ with the lowest potassium level encountered amounting to 575 Ixmol 1-~ (Table 1 ). In the experiment, potassium levels were relatively low in the ammonium containing media and were lower than 500 ixmol g-1 DW at external ammonium levels higher than 25 Ixmol 1-P levels were extremely low at all ammonium concentrations (Table 2) . Chlorophyll-a levels also strongly decreased as external ammonium levels increased (Table 2) . N levels in plants were very high, and at external ammonium concentrations higher than 25 txmol 1-I, exceeded 2000 Ixmol g-t (DW). Only in the medium without ammonium were N levels in the plants relatively low; however, levels were still higher than the lowest concentrations found in young Stratiotes plants from the field (Table 1) . N levels measured with the CNS analyser were higher than values obtained by the conventional destruction method. Although the latter technique obviously leads to some nitrogen losses, the results obtained with this method are presented because the field data were obtained with this method. The differences between the results of the two methods were larger as N levels in the shoots were higher ( Table 2 ). The N levels in the turions were high (Table 2) . This, however, is normal and not due to high ammonium levels in the water layer or to mineral deficiencies. Table 3 shows the results of the analyses of free NCC (i.e. mainly amino acids). Asparagine appears to be by far the dominant constituent in the free NCC pool. Increasing external ammonium levels led to strongly raised levels of asparagine and almost all other free NCC. Proline and tyrosine were only detected at external ammonium concentrations higher than 10 ixmol t -1 . Fig. 2 shows that most of the nitrogen in the plantlets was present as free NCC. Only in the plantlets from the medium that contained only nitrate is more than 50% of the nitrogen present in other compounds. At the two highest ammonium concentrations, almost all nitrogen is present as free NCC. Higher external ammonium concentrations do not lead to increased levels of asparagine. Glutamine, arginine, serine and alanine are responsible for the increased free NCC levels. Free ammonium was present in the plants at all concentrations (Table 3, Fig. 2) , but increased strongly with the external ammonium concentration. Fig. 3 shows that the fraction of C present as free NCC increases strongly when ammonium levels increase. Total C concentrations also increase upon increased external ammonium levels, but this increase is not sufficient to meet the C demand necessary for the incorporation of N into NCC. As a result, the amount of C present in compounds other than free NCC decreased considerably with increasing external ammonium concentrations.
Discussion
The free amino acid concentrations and particularly the asparagine and glutamine levels in the plantlets were extremely high (Table 3, Fig. 2 ). In the ammonium-containing media up to 82-97% of total nitrogen in the plantlets was present as free amino acids, of which asparagine was by far the most abundant. Even without external ammonium, almost half of the total nitrogen content of the phosphorus deficient plants was present as free amino acids. The free amino acid levels are extremely high and, as far as we know, have seldom been found before in any other species. Prianischikov (1922 ( , cited in Webster, 1959 found that seedlings of barley and pea germinated in a 0.1% ammonium chloride solution, accumulated almost all nitrogen as free asparagine. High values have also been recorded for phosphorus deficient Citrus trees (ca 50% of total N as free NCC) (Achituv and Bar-Akiva, 1973) , and old sulphur deficient alfalfa leaves (up to 86% of total N as free NCC) (Mertz and Matsumoto, 1956) .
As at the end of the experiment the phosphorus levels in the plantlets were extremely low, the growth retardation that could be observed after 9 weeks, at all ammonium concentrations, is undoubtedly caused by phosphorus deficiency. The relative shortage of one or more minerals is well known to lead to increased accumulation of free amino acids (Holley and Cain, 1955; Rabe, 1990; Ericsson et al., 1993) . Achituv and Bar-Akiva (1973) and Rabe and Lovatt (1986) showed that phosphorus deficiency and consequential growth retardation leads to a strong accumulation of arginine in Citrus sp. and Cucurbita pepo L. They concluded that growth retardation leads to a concomitant surplus of ammonium in the shoots which is detoxified by the formation of NCC.
Increased free NCC levels are thought to lead to decreased protein synthesis because energy is diverted to the energy intensive NCC synthesis (Mertz et al., 1952; Rabe, 1990) . As phosphate is important for the transfer of energy within the cells and especially for the synthesis of RNA, which is in turn essential for the synthesis of proteins (Marschner, 1986) , it is supposed that (extreme) P limitation can also affect the synthesis of proteins in a more direct way.
Decreased protein and increased NCC levels can also be caused by increased protein breakdown. In general, stress can lead to increased protein breakdown, probably because the membranes of the organelles containing proteolytic enzymes become permeable (Davis, 1982) . Dissimilation of proteins can generate energy for more basal metabolic processes (Webster, 1959; Marschner, 1986) . Ammonium liberated during this dissimilation will be incorporated into asparagine or other free NCC (Webster, 1959) . However, we were not able to distinguish between the different processes (impaired protein synthesis versus increased protein breakdown) that may cause decreased protein and increased free NCC levels, as found in our experiment.
In general, the plantlets which were growing in ammonium containing media were not vital. Many (older) leaves died and were lost during the experiment as is most clearly reflected by the decrease in biomass at 100 ixmol 1-t ammonium. At external ammonium concentrations of 100 and 250 i~mol 1-L the mean final fresh weights were significantly lower when compared with the mean final fresh weights at the other concentrations. The amount of nitrogen incorporated in non-free NCC was very low. It is striking that the synthesis of free NCC is very effective even at the stage in which almost all nitrogen in the plants is present as free NCC. This seems to confirm that the detoxification of ammonium is vital for the survival of the plants. Ammonium, however, did accumulate in the 100 and 250 ixmol 1-1 treatments in particular, indicating that at these concentrations the capacity of the plants to detoxify ammonium has reached its upper limits.
Furthermore, NCC accumulation appears to be an important C-consuming process. Increased nitrogen levels in the plants lead to increased C levels but this increase is insufficient to compensate for the C necessary for NCC synthesis under P limited conditions. Increased NCC synthesis is an important sink for the C, assimilated by the plants, and as a consequence there is less C available for other (structural) compounds such as chlorophyll-a. This is clearly reflected by the decreasing chlorophyll-a contents with increasing external ammonium levels. Increased N accumulation also decreases the C:N ratio of Stratiotes plants. McMahon et al. (1974) stated that a C:N ratio lower than 17 is required by herbivores in order to prefer plants as their food source. In our experiments, the plants from the medium that contained only nitrate had a C:N ratio of 33.2. However, the plants from the media with 10, 25, 50, 100 and 250 ixmol 1-1 ammonium had C:N ratios of 16.9, 14.2, 13.3, 12.2 and 12.1 respectively. Thus, nitrogen accumulation, may make the Stratiotes plants attractive for herbivores and pathogenic microorganisms. In the field we have observed that particularly the young parts of the plants and the young tillers and turions are eaten by waterfowl such as swans (personal observations). In some stands in early April, only very few tillers and turions remained, although plenty of stalks were found to which tillers and turions, had previously been attached.
Ammonium is well known to decrease the uptake of other cations (Marschner, 1986) . Indeed in our experiment potassium, magnesium and sodium levels decreased as ammonium levels increased (Table 2 ). In particular, the potassium and sodium levels in the ammonium fed plantlets are low compared with the levels encountered in the field (Table 1) .
Stratiotes is generally found in slightly eutrophic waters with moderate levels of P and relatively low levels of ammonium. At present in the Netherlands, nitrogen is almost always present in sufficient amounts due to the high nitrogen load resulting from agricultural practices and industrial emissions. However, Stratiotes is seldom found in waters in which ammonium levels increase to values well above 50 ixmol 1 -l. Table 1 shows that the mean ammonium concentration in the natural environment amounts to 7.8 I~mol l -l. Smolders and Roelofs (1993) found that since 1980 S. aloides had disappeared from many locations where the ammonium concentration had increased to values higher than 30 Ixmol 1-1. Cultivation of mature Stratiotes plants for a period of 10 weeks in a staged ammonium gradient (Roelofs, 1991) revealed that an increase of ammonium levels from 10 to 50 Ixmol l-~ did lead to a strong decrease in the vitality of S. aloides plants; more than 80% of the leaves became brown and necrotic within the cultivation period. The mechanism described in this article may also have been involved in the die-back of mature Stratiotes plants as described by Roelofs (1991) .
The results reveal the mechanism involved in the decline of S. aloides plants under P limited conditions, and can at least partly explain why S. aloides is rarely found in waters with very low P levels and/or increased ammonium levels. As the young Stratiotes turions are not yet rooting in the substrate, they are totally dependent on the uptake of phosphate from the water layer. In waters with very low P levels, the turions are destined to become phosphorus deficient, and hence, more susceptible to ammonium toxicity.
It is concluded that, like other plants (Marschner, 1986) , Stratiotes cannot exclude ammonium. At the very least this is true when growth is limited due to mineral deficiencies. In such a scenario, the nutritional status of the plants is strongly influenced by increased ammonium uptake. Apparently, phosphorus deficient plants are neither able to prevent ammonium uptake sufficiently nor to divert energy from the NCC synthesis to protein synthesis as long as external ammonium levels are high. As a result, leaf dieback occurs due to nutritional imbalances, decreased net protein synthesis and the accumulation of toxic ammonium. Finally, this will lead to a strongly reduced vitality (or even death of the plants) and to an increased susceptibility to herbivory and/or pathogens. Apart from the other hazards that endanger Stratiotes stands, such as sulphide toxicity (affecting the roots), eutrophication and iron deficiency (Roelofs, 1991; Smolders and Roelofs, 1993) , ammonium toxicity can, particularly in combination with one of the other hazards, lead to the decline of Stratiotes as has been observed in many parts of the Netherlands in recent decades.
